Plant annexins, Ca 2þ -and membrane-binding proteins, are probably implicated in the cellular response to stress resulting from acidification of cytosol. To understand how annexins can contribute to cellular ion homeostasis, we investigated the pH-induced changes in the structure and function of recombinant annexin AnnAt1 from Arabidopsis thaliana. The decrease of pH from 7.0 to 5.8 reduced the time of the formation of ion channels by AnnAt1 in artificial lipid membranes from 3.5 h to 15-20 min and increased their unitary conductance from 32 to 63 pS. These changes were accompanied by an increase in AnnAt1 hydrophobicity as revealed by hydrophobicity predictions, by an increase in fluorescence of 2-(p-toluidino)naphthalene-6-sulfonic acid (TNS) bound to AnnAt1 and fluorescence resonance energy transfer from AnnAt1 tryptophan residues to TNS. Concomitant lipid partition of AnnAt1 at acidic pH resulted in its partial protection from proteolytic digestion. Secondary structures of AnnAt1 determined by circular dichroism and infrared spectroscopy were also affected by lowering the pH from 7.2 to 5.2. These changes were characterized by an increase in b-sheet content at the expense of a-helical structures, and were accompanied by reversible formation of AnnAt1 oligomers as probed by ultracentrifugation in a sucrose gradient. A further decrease of pH from 5.2 to 4.5 or lower led to the formation of irreversible aggregates and loss of AnnAt1 ionic conductance. Our findings suggest that AnnAt1 can sense changes of the pH milieu over the pH range from 7 to 5 and respond by changes in ion channel conductance, hydrophobicity, secondary structure of the protein and formation of oligomers. Further acidification irreversibly inactivated AnnAt1. We suggest that the pH-sensitive ion channel activity of AnnAt1 may play a role in intracellular ion homeostasis.
Introduction
Annexins are calcium-and membrane-binding proteins ubiquitous in the plant kingdom. Together with calmodulin, the prenylated isoform of CAM53 and Ca 2þ -dependent protein kinases, they are implicated in the Ca 2þ -based signaling in plants, and are therefore a prerequisite in the regulation of vital events such as plant growth and development (Clark et al. 2005) . A systematically increasing number of reports indicate that annexins are also implicated in the cellular response to environmental stimuli and stress (Cantero et al. 2006) . For example, it was recognized that AnnAt1, localized both in the cytosol and in the membrane, is involved in the signaling cascade switched on in response to salt stress (Lee et al. 2004) . Other plant annexins such as the wheat annexin were found to relocate into the membrane fraction upon cold stress (Breton et al. 2000) , suggestive of their activation at the membranes.
Plants have the capacity to adapt to stress conditions by triggering a network of signaling events. In the case of crop plants, stresses including those of an abiotic nature lead to a reduction in plant productivity. Among abiotic stresses, the most harmful are soil salinity, cold and drought, that may induce osmotic stress in a plant cell. Several protein kinases activated by osmotic stress (Zhu 2002) were identified, such as, for example, mitogenactivated protein kinases (MAPKs) (Xiong et al. 2002) and Ca 2þ -dependent protein kinases (Romeis et al. 2001 ). In addition, the plant hormone ABA has long been known to participate in stress responses (Giraudat et al. 1994 , Himmelbach et al. 2003 .
Osmotic stress and cold induce increased levels of ABA (Zeevaart and Creelman 1998) which leads to the induction of osmotic stress-responsive genes (Skriver and Mundy 1990) . Furthermore, a phospholipid signaling pathway closely related to osmotic stress has been identified (Zhu 2002) . Accordingly, it is suggested that ABA may activate phospholipases generating important second messengers: inositol 1,4,5-trisphosphate, diacylglycerol and phosphatidic acid, which, in turn, can trigger signaling pathways implicated in stress resistance (Dove et al. 1997, *Corresponding author: E-mail, s.pikula@nencki.gov.pl; Fax, þ 4822-822-5342 . Munnik et al. 1999 , DeWald et al. 2001 . ABA and phospholipid molecules seem to function upstream of the osmotic stress-activated protein kinases.
Moreover, ABA, cold, drought and high salt stresses trigger elevations in the cytosolic Ca 2þ concentration [Ca 2þ ] cyt in plant cells (Knight et al. 1996, Knight and Knight 2001) . The rise in [Ca 2þ ] cyt activates signaling pathways, involving calcium-binding proteins, and affects multiple aspects of cellular functions (Knight et al. 1996 , Trewavas 1999 .
Among calcium-binding proteins identified in plants are calmodulin (Zielinski 1998 , Luan et al. 2002 , Ca 2þ -dependent protein kinases (Harmon et al. 2000 , Romeis et al. 2001 ) and SOS3 . These proteins are involved in the abiotic stress responses (Sheen 1996 , Sajio et al. 2000 . For example, genetic analyses have led to the elucidation of the salt overly sensitive (SOS) signaling pathway involving the SOS3 protein that senses [Ca 2þ ] in changes elicited by the salt stress (Quintero et al. 2002) and controls ionic responses . The SOS3-SOS2 kinase complex was found to regulate the expression and transport activity of ion transporters such as SOS1, and the plasma membrane Na þ /H þ exchanger removing Na þ from the cytosol (Qiu et al. 2002) .
In the present report, we focused on another prominent group of calcium-binding proteins in plants, annexins. Here we provide experimental evidence that annexin At1 from Arabidopsis thaliana (AnnAt1), representing the predominant annexin transcript in plant green organs (Clark et al. 2005) , exhibits an ion channel activity in vitro, suggesting a potential participation of this protein in response to stress incited by disturbances of intracellular pH homeostasis (Savchenko et al. 2000) . Under physiological conditions, the cytosolic pH in plants is close to 7.0. For example, in potato leaves, the cytosolic pH amounted to 7.3 while the pH of the apoplast was much lower, 6.1 (Oja et al. 1999) . These values can be affected by various factors, such as, for example, gravity (alkalinization of cytosol and decrease of apoplastic pH) (Boosirichai et al. 2003) or stress (alkalinization of cytosol in guard cells exposed to H 2 O 2 accompanied by a decrease in vacuolar pH, Zhang et al. 2001) . Local pH near the membranes may decrease even to 1.6 (van der Goot et al. 1991) .
In the course of this study, we observed in vitro that the ion channel activity of AnnAt1 is affected by pH, and is accompanied by alterations in the secondary structure of AnnAt1 and by protein oligomerization. Based on this observation, we suggest that upon lowering the pH of the experimental medium, reflecting acidification of the cytosol in response to a chemical stimulus (as described, for example, by Savchenko et al. 2000) , AnnAt1 may become a highly hydrophobic protein, prone to interact with membranes. Furthermore, it can form pH-dependent oligomers that may constitute the molecular basis of the ion channel activity of the protein in vivo. This activity along with that of other ion channels and anion transporters may be vital for re-attainment of ion homeostasis in the plant cell.
Results
The pH-induced ion channel activity of recombinant AnnAt1
To monitor Ca 2þ -independent interactions of AnnAt1 with membranes, the ability of AnnAt1 to form ion channels in planar lipid bilayers was investigated at different pH values using black lipid membranes. At pH 7.0, 3-3.5 h were necessary to observe ionic conductance of AnnAt1 (added to the cis chamber to a final concentration of 50 nM; Fig. 1A ). At pH 4.5, no insertion of AnnAt1 in the bilayer was observed even after 5 h of incubation (not shown). The latter result stands against the possibility of membrane conductance changes due to oxidation of phospholipids during a prolonged incubation time. No ion conductance was observed at either pH value in the absence of AnnAt1.
Moreover, at pH 4.5, the secondary structure of AnnAt1 undergoes irreversible changes (see further in the text) accompanied by the loss of conductivity. This confirms that the observed ion channel activity is indeed related to the intrinsic properties of AnnAt1. At pH 5.8 the protein formed ion channels within 15-20 min, as revealed by recordings of the ion current (Fig. 1B) . A single ion channel conductance of AnnAt1 amounted to 32 and 63 pS, at pH 7.0 and pH 5.8, respectively, as determined under symmetric conditions (200 mM KCl) (Fig. 2) .
Changes in protein hydrophobicity induced by pH
As a next step, we tested the hypothesis that the AnnAt1 molecules undergo a substantial increase in hydrophobicity in response to medium acidification, as reported for mammalian AnxA5 (Ko¨hler et al. 1997 , Isas et al. 2000 and AnxA6 (Golczak et al. 2001b) , as well as for hydra AnxB12 , Isas et al. 2000 . Such a hydrophobicity change has been suggested to provide a driving force for membrane insertion of the protein and its ion channel activity. First, similarly to Golczak et al. (2001b) , we predicted the theoretical hydrophobicity of AnnAt1 at pH 3.4 and pH 7.5 (Fig. 3) , and found that it was potentially higher at lower pH.
The theoretical predictions were confirmed experimentally by using TNS as a hydrophobic probe. The binding of TNS to AnnAt1 was evidenced by a significant enhancement of TNS fluorescence intensity and a remarkable blue shift of its fluorescence emission maximum from 510 nm (in the absence of protein) to 427 nm (in the presence of AnnAt1; Fig. 4A, B) . These changes were markedly dependent on pH, whereas the fluorescence of TNS alone was independent of pH in the pH range used, as observed earlier (Kachel et al. 1998 , Golczak et al. 2001a , Golczak et al. 2001c ). The binding of TNS was accompanied by fluorescence resonance energy transfer (FRET) from the excited tryptophan residues of AnnAt1 to TNS at low pH. In contrast, at neutral pH, the FRET efficiency was much smaller (Fig. 4C) . The FRET efficiency was strongly dependent on pH and TNS concentration (Fig. 4D) , suggesting that at acidic pH AnnAt1 hydrophobicity in solution is much higher than at neutral pH.
Secondary structure of AnnAt1 at acidic pH
The exposure of hydrophobic domains/surfaces within the AnnAt1 molecule could be related to the rearrangement of secondary structure or to the protonation of the carboxylate side chain groups of the protein, making them more hydrophobic. Therefore, we examined the secondary structure of AnnAt1 by circular dichroism (CD) and infrared spectroscopy at acidic pH. The CD spectrum of AnnAt1 at pH 7.2 is characteristic of a protein with prevailing a-helical content (Fig. 5A) . Binding of Ca 2þ evokes only minor conformational changes within the protein molecule (results not shown), whereas lowering the pH of the assay media to pH 3.4 resulted in large changes in the secondary structure of AnnAt1. These structural alterations induced by lowering the pH value from 7.2 to 3.4 resulted in a significant decrease in the a-helical content and the formation of new b-structures (Table 1) , as described for human AnxA6 (Golczak et al. 2001c) . Similar although less pronounced changes were observed at pH 5.2 (Table 1) . 
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Structural changes in the AnnAt1 molecule evoked by low pH were confirmed by infrared spectroscopy. The infrared spectrum of recombinant AnnAt1 at p 2 H 7.0 is characterized by the presence of an amide-1 band centered at 1,652 cm -1 , characteristic of a mostly a-helical structure, consistent with the results obtained from CD spectra (Fig. 5A , Table 1 ) and the crystal structure of the protein (PDB accesssion number 1YCN). Lowering the p 2 H induced a decrease in the a-helical structure as indicated by the shift of the 1,652 cm -1 band to 1,645 cm -1 , accompanied by an increase in b-sheet structures, as evidenced by the 1,680 and 1,615 cm -1 bands (Fig. 5B ).
Tertiary structure of AnnAt1 at low pH To monitor potential tertiary structure changes of the protein upon acidification of an experimental solution, the tryptophan fluorescence of AnnAt1 was measured as a function of pH. In Fig. 6A , three typical fluorescence emission spectra are shown, revealing that a drop in pH of the assay medium from 7.4 to 3.4 is associated with a decrease in tryptophan fluorescence of AnnAt1. This suggests that the tertiary structure of AnnAt1 is affected by pH. In addition, the maximum of AnnAt1 intrinsic fluorescence shifted from 352 to 348 nm upon acidification of the assay medium, whereas such a shift was not observed in the presence of the hydrophobic probe, probably due to a shielding effect of TNS.
To exclude the possibility that the observations described above might have been affected by protein aggregation, the pH-dependent aggregation profile of AnnAt1 solution was determined by light scattering at 908 as a function of pH (Fig. 6B ). In the pH range from 4.0 to 5.0, AnnAt1 in solution tended to aggregate (maximum. at pH 4.5), as did vertebrate AnxA6 (Golczak et al. 2001c ; maximum at pH 5.2). The aggregation was reversed by raising the pH value above 6.0 or by lowering it below 4.0. The absence of significant light scattering at pH below 4.0 did not preclude the possibility of oligomerization.
A pH-dependent interaction of AnnAt1 with artificial lipid membranes
To characterize further the interaction between AnnAt1 and lipids as a function of pH, phase separation experiments with Triton X-114 and proteolytic digestion of the protein in the presence or absence of lipids were performed. These experiments were aimed to answer the question of a possible penetration of the soluble AnnAt1 into a hydrophobic core of the membrane. The solubility of AnnAt1 in Triton X-114 was compared with that of recombinant human AnxA6a, representing a C-terminally truncated, four-domain version of AnxA6 whose properties at low pH are well characterized (Golczak et al. 2001b , Golczak et al. 2001c , Golczak et al. 2004 ). AnnAt1 interacted with Triton X-114 even at relatively high pH, as compared with AnxA6a, suggesting a higher tendency of AnnAt1 to locate in the hydrophobic interrior of lipid membranes (Fig. 7) .
Proteolytic digestion of AnnAt1 at pH 5.5, with and without liposomes, confirmed these findings. At pH 5.5, in the presence of liposomes AE Ca 2þ , AnnAt1 was partially protected from proteolytic digestion (Fig. 8A ), most probably due to the insertion of a substantial pool of the Annexin AnnAt1 from Arabidopsis thaliana in pH-mediated cellular responseannexin molecules within the hydrophobic layer of the lipid membrane, as described for mammalian AnxA6 (Golczak et al. 2004 ). Moreover, we observed that the protected protein species were oligomers (dimers and trimers), suggesting that AnnAt1 was incorporated into lipid membranes as an oligomer. At pH 7.0, the protein was extensively digested by proteases, despite the presence of liposomes and Ca 2þ
, suggesting that at this pH it resides on the surface of lipid membrane or remains in solution (not shown), similarly to other annexins, for example AnxA6 (Golczak et al. 2001a , Golczak et al. 2004 ).
Formation of AnnAt1 oligomers in solution upon acidification
The ability of the recombinant AnnAt1 to form oligomers is not surprising in the light of the fact that formation of oligomers in the presence of calcium even in the absence of membranes is one of the characteristic features of annexins (Hofmann et al. 2002) . Previously, we have shown that AnnAt1 forms oligomers induced by hydrogen peroxide, while their formation was prevented by the addition of reducing agents (Gorecka et al. 2005) . Using ultracentrifugation in a sucrose concentration gradient, we confirmed that lowering the pH to 3.4 promoted formation of trimers, tetramers Annexin AnnAt1 from Arabidopsis thaliana in pH-mediated cellular responseand higher oligomers of the protein (Fig. 9 ). This is corroborated by the results of the electrophoretic separation of AnnAt1 species under non-denaturing conditions (not shown).
Discussion

Activities of plant annexins related to the stress response
Annexins have been identified in many plant species; however, their specific functions still remain undetermined. Potential functions inferred from their intrinsic activities include Ca 2þ channel activity and enzymatic activities, such as nucleotide phosphodiesterase and peroxidase activities (McClung et al. 1994 , Calvert et al. 1996 , Gidrol et al. 1996 , Hofmann et al. 2002 , White et al. 2002 , Gorecka et al. 2005 . AnnAt1 was found to rescue the ÁoxyR mutant from H 2 O 2 stress when transformed into Escherichia coli, suggesting that it is implicated in the oxidative stress response (Gidrol et al. 1996) . In another heterologous system, AnnAt1 protected mammalian cells from oxidative stress (Kush and Sabapathy 2001) . Cotton (Gossypium hirsutum) annexin was found to associate with membrane callose synthase and was suggested to regulate its activity (Andrawis et al. 1993) . A tobacco annexin was localized specifically in the vacuole and was proposed to be involved in cell expansion (Seals and Randall 1997) .
A high expression level of plant annexins was reported in secretory cells, such as the outer cells of root caps, epidermal cells and developing xylem and phloem cells (Clark et al. 1992 , Clark et al. 1994 ). Based on these findings, it was proposed that annexins are implicated in the Golgi-mediated secretion of materials necessary to build up the plasma membrane and the cell wall in plants (Clark et al. 2001 ).
An annexin-like gene in Medicago is transcriptionally up-regulated in response to Nod factors (Carvalho-Niebel et al. 2002) . In addition, an alfalfa annexin-like gene (AnnMS2) is activated by ABA, osmotic stress and/or water deficiency (Kova´cs et al. 1998 ), whereas AnnAt1 is suggested to play a role in osmotic stress response (Lee et al. 2004 ).
Possible mechanism of formation of ion channels by AnnAt1
In this work, we provided experimental evidence that local changes of pH may favor a calcium-independent binding of AnnAt1 to membranes and formation of ion channels by the protein molecule. This is consistent with annexin molecules behaving like integral membrane proteins (Breton et al. 2000 , Lee et al. 2004 . Such a behavior suggests that there is a mechanism allowing not only calcium-independent binding of AnnAt1 to membranes but also its penetration into the membrane hydrophobic core. Indeed, we found that AnnAt1 interacted with artificial lipid membranes in a calciumindependent manner at low pH, behaving as an integral membrane protein. This was deduced from the protective effect of lipids on proteolytic digestion of AnnAt1 at low pH. AnnAt1 incorporated into lipid membranes was resistant to proteolytic digestion and formed oligomers.
Annexins can form voltage-dependent ion channels in planar lipid bilayers at neutral (for a review see Kourie and Wood, 2000) and low pH. For example, at pH below 6.0 AnxA6 forms an ion channel with a single ion conductance of 50-60 pS (Golczak et al. 2001a , Golczak et al. 2001b , Golczak et al. 2001c ), AnxA5 and AnxB12 insert into lipid bilayers at mildly acidic pH (Isas et al. 2000) . We observed that AnnAt1 formed ionic channels at pH 5.8 much more efficiently than at neutral pH. The ability to form ion channels was accompanied by pronounced changes in secondary structure of the protein at acidic pH. Formation of ion channels at pH 7.0 required a much longer time that at pH 56.0, suggesting different mechanisms of channel formation at each pH value, as also described for AnxA6 (Golczak et al. 2001a) .
Moreover, the channels formed by AnnAt1 at pH 5.8 differed in single channel ionic conductance from channels formed at neutral pH (63 and 32 pS, respectively). It is also tempting to speculate that in vivo AnnAt1 cooperates with a partner protein or that other factors influence its ion channel activity.
The nature of pH-induced changes of AnnAt1
The distinct types of ion channels formed by AnnAt1 were accompanied by an increasing hydrophobicity of the protein during acidification, manifested by FRET, fluorescence changes and a blue shift of the fluorescence maximum of TNS. Taken together, our findings indicate that the conformation of AnnAt1 at pH 5.8 facilitates its incorporation into a lipid membrane and formation of an ion channel, while pH 4.5 induces protein aggregation which results in inhibition of the ionic conductance. This is in contrast to the results obtained for AnxA6 which formed active ion channels at this pH (Golczak et al. 2001a , Golczak et al. 2001b , Golczak et al. 2001c ).
Low pH-induced secondary structure changes of AnnAt1
CD spectroscopy can easily detect a-helical structures, while infrared spectroscopy is more sensitive to b-sheet structures. Therefore, the use of both techniques can provide complementary information about changes of the AnnAt1 secondary structure. Infrared spectra clearly indicate an increase in b-sheet structure content upon acidification. Due to the relatively low position of the 1,615 cm -1 band, the b-sheet structures are more probably of intermolecular origin, suggesting protein oligomerization. The conformational changes of AnnAt1 induced by acidic p 2 H could not be reversed after changing the p 2 H from 4.5 to 7.0. CD spectra indicated that there were less a-helical structures at lower pH, and at pH 4.5 we observed non-specific aggregation of the protein.
Functional significance of the AnnAt1 oligomers
One of the characteristic features of plant annexins is formation of oligomers in the presence (Hofmann et al. 2002) or absence of calcium, especially during oxidative Annexin AnnAt1 from Arabidopsis thaliana in pH-mediated cellular responsestress (Gorecka et al. 2005) . It was previously proposed that annexins are involved in stress signaling in plants (Dietrich et al. 2001) . The formation of oligomers as well as their organization can be important factors that modulate or induce distinct AnnAt1 functions. On the basis of our findings, it is tempting to propose that depending on the pH range, AnnAt1 could exhibit a variety of interactions with lipid membranes due to its ability to undergo pH-dependent changes in hydrophobicity and structure affecting its oligomeric state which, in turn, could play the role of an on-off switch for the ion channel activity. The ion channel activity of AnnAt1 along with the activity of other ion channels and anion transporters may be vital for sustaining ion homeostasis in the plant cell under physiological and stressful conditions.
Materials and Methods
Chemicals Asolectin, Triton X-114, N-acetyl-L-tryptophan amide and TNS were purchased from Sigma-Aldrich (Poznan, Poland). Isopropyl-b-D-thiogalactopyranoside (IPTG) was purchased from BIO 101, Inc. (Vista, CA, USA).
Recombinant AnnAt1
To obtain a full-length cDNA encoding AnnAt1, total RNA was isolated from fully expanded leaves of 8-week-old A. thaliana plants. Specific primers were designed on the basis of the AnnAt1 sequence available in the NCBI database (AF083913). Cloned and purified PCR product was sequenced and then subcloned into the pET 28 a(þ) vector for expression in E. coli in such an orientation that the coding sequence was followed by the His-tag. Recombinant AnnAt1 was expressed in E. coli strain BL21 after induction with IPTG for 4 h at 308C. From this step onward, the whole purification procedure was performed at 48C. The bacterial culture was centrifuged at 6,000Âg for 15 min. The pellet was resuspended in a buffer containing 20 mM Tris-HCl, pH 8.0, 50 mM NaCl, 1 mM EGTA, 1 mM EDTA, 2 mM phenylmethylsulfonyl fluoride (PMSF), 2 mM aprotinin, 0.1 mg ml -1 DNase, 0.1 mg ml -1 RNase and lysozyme (650 U 100 ml -1 of bacterial culture), incubated for 30 min and sonicated three times for 1 min. The homogenate was centrifuged at 10,000Âg for 15 min. The supernatant was supplemented with 10 mM imidazole and 300 mM NaCl (final concentration). AnnAt1 expressed in E. coli was finally purified to homogeneity by affinity chromatography on an Ni-agarose column (Qiagen, Hilden, Germany) and eluted with a linear gradient of imidazole (10-200 mM). The purity of the protein was checked by SDS-PAGE, and silver staining, revealing no other peptides present even when up to 10 mg of protein was loaded on the gel.
Anti-AnnAt1 antibodies
Anti-AnnAt1 polyclonal antibodies were raised in rabbits against the full-length recombinant protein at the Medical Research Center in Warsaw, Poland. The antigen (200 mg of protein) was injected into animals with Freund's complete adjuvant (first injection) and Freund's incomplete adjuvant (second and third injection). The antibody was purified using immobilized protein-A (Bio-Rad, Hercules, CA, USA) affinity chromatography and was highly specific for AnnAt1 in concentrations used for Western blotting.
Ion conductance
The ion channel activity of AnnAt1 was measured as described previously for porcine and human recombinant AnxA6 (Golczak et al. 2001a , Golczak et al. 2001b , Golczak et al. 2001c . Planar lipid bilayers were formed with a painted asolectin solution in decane (25 mg ml -1 ) in a 250 mm diameter hole drilled in the partition separating two Derlin chambers (Warner, USA), cis and trans of 2 and 3 ml internal volumes, respectively. Prior to bilayer formation, the hole was covered with asolectin solution and dried under a nitrogen stream. The assay medium contained 10 mM citrate buffer (pH 4.5 or 5.8) or 10 mM Tris-HEPES buffer, pH 7.0, 200 mM KCl. Silver wires covered with silver chloride connected to the chambers through agar bridges served as electrodes. The trans side of the bilayer was held as a virtual ground. AnnAt1 was added to the cis chamber. Formation and thinning of the bilayer were monitored by capacitance measurements. The final capacitance values of the lipid bilayers ranged from 90 to 140 pF and their resistance from 1 to 5 G. The current was measured using a Bi-layer Membrane Admittance Meter (model ID 562, IDB, Gwynedd, UK). Signals were filtered at 0.2 kHz (low Pass Bessel Filter 4 Pole, Warner, USA), digitized (A/D converter 1401, Cambridge Electronic Design, Cambridge, UK) and transferred to a computer for off-line analysis by the Patch and VClamp 6.40 software (Cambridge Electronic Design). The single channel activity of AnnAt1 was recorded at different holding potentials (from -90 to þ90 mV) to determine a current-voltage relationship. As a control, the ion permeability of the lipid bilayer was tested under different conditions without protein added.
Hydrophobicity plots of AnnAt1
A gliding window corresponding to 11 amino acid residues for averaging and the scale of Cowan and Whittaker (1990) served as input values for the hydrophobicity plots. The algorithm attributes values of hydrophobicity to each amino acid residue respective to their retention times on hydrophobic HPLC columns; at pH 7.5, the most hydrophobic and hydrophilic residues were isoleucine (þ1.83) and aspartate (-2.15), respectively, while at pH 3.4 they were isoleucine (þ1.81) and histidine (-2.28 ). For the calculations of the average hydrophobicity within each repeat domain of AnnAt1, the length of a domain of 62 amino acid residues was used.
Fluorescence and light scattering
The measurements were performed with the aid of a Fluorolog 3 Spectrometer (SPEX) at 258C. A quartz cuvette of 5 mm optical path length was employed. The following buffers were used: 10 mM citric buffer in the pH range from 3.4 to 6.2, or 10 mM Tris-HCl buffer, pH 7.0, both supplemented with 50 mM NaCl and 0.1 mM EGTA. These buffers are called citric or Tris-HCl buffers throughout the text. The fluorescence emission spectra of TNS in the presence or absence of AnnAt1 were recorded between 350 and 570 nm at 258C with ex 345 nm. For TNS alone, the max of emission amounted to 510 nm. Both emission and excitation slits were set at 1 nm. TNS concentrations varied from 0 to 30 mM at a fixed protein concentration (1 mM). FRET was determined by recording fluorescence emission spectra of AnnAt1 tryptophan residues (a donor) in the presence of various concentrations of TNS (an acceptor) ranging from 0 to 30 mM. The pH of the assay medium varied from 3.0 to 8.0. Samples were excited at ex 295 nm,
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Annexin AnnAt1 from Arabidopsis thaliana in pH-mediated cellular response with emission and excitation slits set at 3 and 1 nm. The donor and acceptor fluorescence emission intensities were recorded in the wavelength range from 300 to 500 nm at 1 nm intervals. The light scatterings of 0.01 or 0.2 mg ml À1 solutions of AnnAt1 in citric or Tris-HCl buffers supplemented with EGTA were measured to determine the protein aggregation ( ex ¼ 600 nm). Scattered light at 908 was collected between 590 and 610 nm (at 1 nm step).
Far-UV circular dichroism
The CD spectra of recombinant AnnAt1 were collected at 258C using an AVIV CD spectrophotometer (AVIV Associates Inc., Lakewood, NJ, USA). A 2 mm optical path length quartz cuvette was used. The assay media contained 5 mM citric (pH 3.0-6.2) or 5 mM Tris-HCl (pH 7.2) buffers, 0.2 mg ml -1 AnnAt1 and 0.1 mM EGTA. Each spectrum was recorded as an average of six scans between 190 and 260 nm.
Infrared spectroscopy
Recombinant AnnAt1 purified from E. coli was dissolved in piperazine glycyl-glycine . Infrared spectra of AnnAt1 were measured by means of a Nicolet 510M FTIR spectrometer equipped with a DTGS detector using a temperature-controlled flow-through cell (model TFC-M25; Harrick Scientific Corp., Ossining, NY, USA). The cell path length was 50 mm. The sample was placed between two CaF 2 windows separated by a 50 mm spacer in a Harrick infrared cell holder. Typically, infrared spectra were recorded at 258C with 64 interferograms each and Fourier transformed at 4 cm -1 resolution. During data acquisition, the spectrometer was continuously purged with dry filtered air (Balston regenerating desiccant dryer, model 75-45 12 VDCT). Each infrared spectrum of AnnAt1 was not smoothed but corrected for buffer contribution and for water vapor. Three infrared spectra of independent AnnAt1 preparations at each p 2 H were measured under the same conditions and they were averaged to yield the final infrared spectra of AnnAt1. The buffer was 10 mM piperazine and 10 mM (or 5 mM) glycyl-glycine at the indicated p 2 H. Although it is not an optimal buffer for infrared measurements, it was the best buffer to control pH in the overall pH range. The p 2 H of the solution was determined with a glass electrode and was corrected by a value of 0.4, e.g. p 2 H is equal to measured pH þ 0.4 (Glasoe and Long 1960) .
Proteolytic digestion of AnnAt1
AnnAt1 (20 mg of protein) was incubated with or without asolectin liposomes in 10 mM citrate buffer, pH 5.5, or 10 mM Tris-HCl buffer, pH 7.0, supplemented with 150 mM NaCl, 0.2 M sucrose and 0.1 mM EGTA or 100 nM Ca 2þ , for 60 min at room temperature. The molecular ratio of protein to lipids was kept at 1 : 1,000. The digestion was initiated by adding 5 mg of pepsin or 1 mg of V8 protease from Staphylococcus aureus and carried out at 378C for 1 h. Aliquots of the reaction mixture (15 ml) were collected to prepare electrophoretic samples; the digestion was stopped by increasing the pH with 1 ml of 1 M KOH in the case of pepsin, or with inhibitors (4 mM PMSF, 1,000 KIU ml -1 aprotinin) in the case of V8 protease. Samples were examined by SDS-PAGE.
Detection of AnnAt1 oligomers and their size evaluation
Sucrose gradient centrifugation was performed in the presence or absence of 1 mM Ca 2þ . 200 mg of AnnAt1 and 600 mg of molecular weight markers [ovoalbumin, 45 kDa; bovine serum albumin (BSA), 67 kDa; and aldolase, 160 kDa) were loaded on the top of a 15 ml sucrose gradient (5, 10, 15, 20, 25, 30 and 35%) and centrifuged at 104,000Âg for 24 h. Gradients were then aliquoted (0.5 ml) beginning from the top. Fractions were analyzed by means of SDS-PAGE in 12% gels. The amount of protein in each aliquot was quantified on the gels using the Ingenius system. As a second method, samples in buffers of pH 7.5-3.2 were analyzed by SDS-PAGE under non-denaturing conditions.
Other methods
AnnAt1 partition in Triton X-114 solution was performed as described in Bordier et al. (1981) with slight modifications. The protein concentration was determined according to the Bradford method (Bradford 1976) , with BSA as a standard. SDS-PAGE (under reducing conditions) was performed on 6% stacking and 12% resolving gels; gels were stained with Coomassie brilliant blue (Laemmli 1970) or silver nitrate (Merril et al. 1984) . Gels were scanned using the Ingenius software to quantify the protein content. For Western blot, nitrocellulose was incubated in 5% BSA for 1 h at room temperature. Then, anti-AnnAt1 antibody diluted 1 : 10,000 in 3% BSA was used at 48C overnight, followed by a peroxidase-conjugated secondary anti-rabbit antibody (Amersham, Buckinghamshire, UK) at the same concentration (in 3% BSA) for 1 h at room temperature. Western blots were developed with the ECL kit (Amersham). Large unilamellar asolectin liposomes were prepared in a buffer containing 0.25 M sucrose, as described earlier (Golczak et al. 2001a ).
